The spin-up from rest to a state of solid-body rotation in a tank with one or more stepwise changes in depth is studied experimentally. Since flow across the steps is counteracted by the rotation acquired by the fluid in the course of the spin-up process, eventually the flow is forced into a cellular pattern determined by the position of the steps. However, if the initial flow field has little resemblance with the quasisteady pattern imposed by the topography, most of the energy of the flow may be dissipated before the organization into the preferred pattern is complete.
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I. INTRODUCTION
Two-dimensional flows have long been known for their unique properties, which give them a special place in fluid dynamics. Whereas in three-dimensional flows, large-scale structures tend to break up into ever smaller ones, twodimensional flows show a tendency to merge small vortices into well-defined structures with relatively long lifetimes. This phenomenon has been observed in both experiments 1 and numerical simulations, 2, 3 and is often referred to as selforganization. The formation and persistence of large twodimensional vortex structures is particularly relevant for atmospheric and oceanic flows, since the relative thinness of the atmosphere and the oceans causes these large-scale flows to be essentially two dimensional.
Two-dimensional flows are generally unstable to threedimensional perturbations, and require geometrical constraints or an external forcing to support their existence. Such forcing may arise from a stratified of rotating environment or from a magnetic field. In this paper, we study the formation of vortex patterns in experiments in which the flow is stabilized by its rotation. These experiments consist of a sudden increase in the angular velocity of a tank filled with water. The resulting flow relative to the tank walls gradually adapts itself to the higher angular velocity in a process called spin-up. The background rotation of the flow is slowly established in the course of the experiment, and may be insufficient to stabilize the flow in the beginning of the experiment. However, as the relative flow decays, the rotation of the flow suppresses vertical motions more strongly, and the flow becomes approximately two dimensional.
Early investigations on spin-up concentrated on the azimuthally symmetric flow in a circular tank or between two parallel plates of infinite extent. 4, 5 In that case, the flow preserves its circular symmetry, and slowly spins up due to a weak secondary flow driven by Ekman layers at the bottom and top boundaries of the fluid. In later investigations, spin-up geometries with noncircular cross section were considered. [6] [7] [8] Unless the flow is highly viscous or the deviation from a circular shape is very small, the flow will separate from the sidewall. The transport of vorticity from the sidewall boundaries into the interior of the flow leads to the formation of vortices, so that the streamline pattern loses its resemblance to the shape of the domain.
Most earlier experiments in noncircular geometries were performed in a tank with a flat bottom. In that case, the flow may as a first approximation be treated as two dimensional, with a small divergence caused by the pumping of the Ekman layers. As the kinematic viscosity is assumed to be small, and the relative flow eventually becomes very weak, the flow becomes approximately geostrophic ͑see Sec. II͒. In the absence of bottom topography, there is no predetermined restriction on the appearance of the quasisteady flow, which is said to be geostrophically free. In such experiments, the flow usually evolves into a pattern of large-scale vortices that may exist for many eddy turnover times. In a tank with a bottom topography, however, the quasisteady flow is restricted to following the isolines of the topography. If the topography is such that there are no closed topographic contours, as is the case in a tank with a uniform slope, this implies that no geostrophic flow is possible. Such experiments were performed by Van Heijst et al., 9 who studied spin-up in a rectangular tank with a uniformly sloping bottom. In that case, the flow remains unsteady during the entire experiment.
In this paper, we consider the spin-up in a tank with a bottom topography consisting of piecewise flat sections. By this choice, the presence of a bottom topography is combined with the possibility for geostrophic flow within a number of subdomains of the geometry. In the geometries chosen in this paper, the flow immediately after the start of the experiment is almost perpendicular to the topographic step, so one may expect a transition to a geostrophic state in accordance with the restrictions imposed by the topography. Experiments have been performed in four geometries, each consisting of a small number of shallow and deep square regions of 40ϫ40 cm. These geometries are idealized in the sense that each square can harbor a circular vortex, so that self-organization effects become more pronounced. These four geometries are represented in Fig. 1 .
In Sec. II, a brief outline of geostrophic flows, the spin-up through Ekman pumping and the calculation of the initial flow is given. The experimental setup is described in Sec. III. In Sec. IV, experimental results for stream function and vorticity are presented for all four geometries. Finally, some general conclusions are drawn in Sec. V.
II. THEORY

A. Geostrophic flows
As in this paper the motion of water relative to a tank rotating with constant angular velocity ⍀ is the main interest, we consider the incompressible Navier-Stokes equations, given in a reference frame corotating with the tank by
In this equation, u is the velocity, t the time, the kinematic viscosity, and p red the reduced pressure, given by
with the density, g the acceleration caused by gravity and r the distance from the rotation axis. If the nonlinear and viscous terms are negligible and if the flow is stationary, there is an equilibrium between the gradient of the reduced pressure and the Coriolis force:
Flows obeying ͑3͒ are called geostrophic. This limiting case is relevant for spin-up theory, since if the Rossby number U/⍀L is small, ͑3͒ describes to lowest order the flow in the interior, that is, outside the viscous boundary layers at the walls. 10 Moreover, the equation has special relevance for geophysical fluid dynamics, since in many cases the large scale motions in the oceans and the atmosphere are approximately geostrophic. 11 After taking the curl of ͑3͒ and applying a vector identity, one finds that
This equation is known as the Taylor-Proudman theorem; it states that the velocity field in every plane perpendicular to ⍀ is the same. In a laboratory experiment using a tank rotating around a vertical axis, the Taylor-Proudman theorem implies that in the geostrophic limit, there is no velocity component in the vertical direction, and the velocity field is the same at every height. This has particularly remarkable consequences for a tank with a bottom topography, since in that case the topography dictates the appearance of the entire flow field. Due to the condition of zero normal velocity at the surface, the vertical velocity vanishes identically throughout the domain. Thus geostrophic flows are strictly horizontal, and therefore fluid particles are unable to cross isolines of topography. In this respect there is a fundamental difference between certain types of geometries. If the isolines of the topography are closed curves, such as in the case of a conical hill, streamlines must coincide with them. Such flows are called geostrophically guided. If topography isolines intersect the sidewalls, such as in a tank with a uniformly sloping bottom, no geostrophic flow is possible. Such flows are called geostrophically blocked. In regions where the bottom is flat, the flow may assume any streamline pattern; such flows are called geostrophically free.
B. Ekman pumping: The spin-up time scale
In a geometry with a flat bottom, it is convenient to use the two-dimensional vorticity equation, derived from the curl of ͑1͒:
͑5͒
Although the three-dimensional flow is assumed to be strictly incompressible, the vorticity equation is given here in its compressible form. The reason is that ‫ץ‬u/‫ץ‬xϩ‫ץ‬v/‫ץ‬y will be slightly nonzero because of a small vertical velocity component at the bottom of the fluid, provided by the so- 
C. Starting flow
The flow immediately after the onset of the rotation is referred to as the starting flow. Since the absolute vorticity in the nonrotating system is unaffected by the sudden motion of the sidewalls, the relative vorticity of the starting flow has a uniform value Ϫ2⍀. In a rectangular tank ϪLϽxϽL, ϪB 
where x 2 /L 2 Ϫ1 may be regarded as the particular solution, and the sum as the homogeneous solution of ͑12͒.
An explicit expression for the velocity field of the starting flow in a rectangular geometry with a step is much more difficult to find. In the first place, the solution is dependent on the coordinate in the vertical direction, so that the solution can no longer be expressed in terms of a scalar stream function; in the second place, in the case of a step there seem to be no elementary functions that can be used to expand the homogeneous solution of the vorticity equation.
Van de Konijnenberg 8 gave the solution of a simplified problem, in which the topography is accounted for according to the shallow-water approximation. In this model, the horizontal velocity components u and v are assumed to be independent of z. The vertical velocity components depend linearly on z, and can be replaced by a divergence in the horizontal plane, so that a problem in two dimensions remains. In the shallow-water approximation, the topography acts as a density function for the two-dimensional flow, so the horizontal velocity field integrated over the local depth where H 0 is the median depth and is a dimensionless measure of the magnitude of the topographic discontinuity at xϭ0. However, this solution should be regarded as an average of the three-dimensional solution over the vertical coordinate z, which may be different from the flow observed at FIG. 5 . Dye visualization of spin-up from 0 to 0.5 rad/s in geometry no. 2. The figures in the left column correspond to an experiment in which the dye was added at tϭ0, the figures in the right column correspond to an experiment in which the dye was added at tϭ180 s. In both experiments the dye was added at the middle of the left sidewall. the surface. Further investigations 8 show that even for a considerable topography height, the flow at the surface shows more resemblance with the solution for a flat bottom than with the solution according to the shallow-water approximation.
III. EXPERIMENTAL SETUP
The spin-up experiments were performed by using a tank filled with tap water, placed on a rotating table. At tϭ0, the angular velocity of the table was suddenly increased from 0 to ⍀, and was thereafter kept at this value during the experiment. Thus at tϭ0 the Rossby number U/⍀L is equal to one, but as the relative flow decays in the course of the experiment, the Rossby number gradually decreases to zero. In all experiments, the final angular velocity ⍀ was chosen to be 0.5 rad/s. It was verified that fluctuations in the final angular velocity are negligible compared with the final angular velocity used in the experiments. Four configurations were used, each consisting of one or two square subdomains with a uniform depth of 20 cm, and one or two square subdomains with a uniform depth of 15 cm. These configurations are shown in Fig. 1 .
Quantitative results were obtained with small tracer particles floating at the surface of the fluid. Dye was added to the water in order to increase the contrast between the fluid and the particles. First, a video recording of the flow was made with a video camera corotating with the tank. Then, after the experiment, the recording was processed by a PC equipped with a frame grabber. For this purpose, an adapted version of the DigImage system developed by Dalziel 13 was used. This is an image processing system that allows the tracking of particles based on a number of user-defined criteria such as brightness and size. Further processing of the particle trajectory data was made possible by an extension to the DigImage software developed by Van der Plas. 14 This option provides the possibility to extract data files containing the particle velocities from the data file created by the particle tracking routine. The vorticity was obtained by fitting the data with spline functions and manipulating the coefficients of this expansion. The stream function was calculated from the vorticity by using a Poisson solver. In this way the stream function of the solenoidal component of the velocity field is calculated, which is more elegant than applying integration techniques if the flow is not exactly divergence free.
IV. EXPERIMENTAL RESULTS
A. Geometry no. 1
The results of this experiment are presented in Fig. 2 . The data have been represented using the stream function defined by ͑11͒, that is, the quantity that is presented in the graphs is the solution of ٌ 
Both the experimentally observed starting flow at the free surface and the formation of vortices in the corners are similar to corresponding experiments with a flat bottom. 7, 8 However, both a comparison of quantitative measurements and dye visualizations indicate that the flow is now more turbulent, a result of flow separation from the topography. As in similar experiments with a flat bottom, the cyclonic vortices merge into a single cell in the center of the tank at an early stage. However, rather than remaining above the step, the resulting cyclonic vortex moves to the deeper part of the tank. The flow eventually relaxes to a pattern with two cells, separated by the discontinuity in the topography, in qualitative agreement with the restriction of zero cross flow over the topography contours imposed by the Taylor-Proudman theorem. In the beginning of the experiment, the flow is neither stationary nor linear, but the experiments show that the reluctance to cross the step becomes manifest in an early stage, dividing the flow into separate regions long before the relative velocities have become small.
The graphs of versus provide a measure of the instationarity of the flow, and represent the structure of each vortex cell. According to the decreasing amount of scatter in the ͑͒ graphs at 120, 240, and 480 s, the flow becomes organized into an increasingly stationary pattern. The curvature of the branches is determined by the formation process of the cells, and by a gradual evolution through Ekman pumping. Because of the nonlinearity of the Ekman pumping term in ͑7͒, this evolution is asymmetric with respect to the cyclonic vortex and the anticyclonic vortex.
B. Geometry nos. 2 and 3
The results for geometry nos. 2 and 3, represented in Figs. 3 and 4, appear to be comparable. In both experiments, vortices are formed in the corners of the domain. However, in contrast with the corresponding experiment with a flat bottom, merging does not occur. Apparently the corner vortices cannot cross the step, and remain separated by the middle square region. Thus the resulting cycloneanticyclone-cyclone arrangement is determined in an early stage of the experiment, and any possible tendency of the cyclonic vortices to move under the influence of the sidewalls or a deformed free surface does not find expression.
The nonuniform depth leads to different spin-up time scales for the individual square regions. Application of ͑9͒ leads to ϭ212 s for the shallower parts and ϭ283 s for the deeper parts. In the linear case, this would result in the vortices in the deeper parts being about three times as strong as the vortices in the shallower parts after 960 s. The sizes of the branches in the ͑͒ graphs at 960 s indicate that in reality, the cyclonic vortices are much weaker than this estimate. This is probably caused by the nonlinearity in the vortex stretching term in ͑7͒, and by the cyclonic vortices being bounded by solid walls at more sides. It can be shown 8 that 960 s is about the time scale on which the viscous effects begin to become important, so that in particular the cyclonic cells are damped more strongly than by Ekman pumping only.
Of the experiments in geometry nos. 2 and 3 dye visualizations have been made; the results are presented in Figs. 5 and 6. Although in neither experiment merging occurs, considerable mixing of the fluid takes place; the dye is spread over the whole domain with the exception of the cores of the anticyclonic cell and the left cyclonic cell. In particular in geometry no. 3 the dye is confined to a square region bounded by the topography discontinuity. Since the vortex in this square is cyclonic, the motion in the Ekman layer is directed inward, so that in a top view of the dye distribution, the whole vortex seems to be dyed.
The figures of the experiment in geometry no. 2 show a different behavior. If dye is added at tϭ0 the appearance of the dye distribution looks similar to the corresponding experiment in geometry no. 3, but if the dye is added at 180 s, a ''leak'' from the left cyclonic cell to the central anticyclonic cell becomes apparent. Further experiments with dye have shown that this leak is caused by a weak flow across the step toward the central cell, compensated by a flow in the reverse direction in the Ekman layer. At this moment it is not clear why this cross-flow occurs in geometry no. 2 and not in geometry no. 3. The effect might be connected with a difference in strength between the cyclonic and anticyclonic vortices, which is only present in geometry no. 2.
C. Geometry no. 4
The results for the experiment in geometry no. 4 are given in Fig. 7 . As in geometry nos. 1, 2, and 3 the starting flow has the same appearance as in a tank without a topography, but separation from the topography immediately takes place, and the flow becomes turbulent. The vorticity graphs at 30 s show that the turbulence affects the flow in the whole domain. Nevertheless, the central anticyclonic vortex remains identifiable. Between tϭ30 s and tϭ60 s it moves to one of the shallow parts, and remains there until the fluid has spun up. In the rest of the domain new vortices are formed, so that a streamline pattern emerges with opposite circulation in two adjoining quadrants. This situation is in striking contrast with experiments in a square tank with a flat bottom, 8 where the flow keeps the appearance of a single cell. As in geometry no. 1, the topography affects the streamline pattern at the surface in an early stage, but even after 360 s the vorticity profiles are not really smooth. Nevertheless, this experiment provides a clear example of topographic forcing of the flow into a certain cellular pattern.
V. DISCUSSION
Out of the four geometries discussed in this chapter, the topography is symmetry-breaking in geometry nos. 1 and 4 only. In those experiments, cyclonic vortices end up in the deeper part and anticyclonic vortices in the shallower part. According to conservation of potential vorticity, this is what is to be expected: Some vortex tubes descend the step and are stretched, others climb the step and are squeezed, so fluid in the deeper parts will acquire cyclonic vorticity, and fluid in the shallower parts will acquire anticyclonic vorticity.
Additional experiments indicate that the extent to which topographic forcing of a particular vortex pattern occurs depends on the relative height of the topography. If the topography is very weak, its influence on the flow at the surface becomes noticeable only if the relative velocities have become very small. If on the other hand the height of the topography is large, the spin-up time scale in the shallow parts becomes much shorter than in the deep parts, resulting in strong asymmetry between the cyclonic and anticyclonic cells. This difference is already noticeable in the experiments discussed in this paper.
In geometry no. 4 the separation into cyclonic and anticyclonic regions is particularly clear. However, by the time the organization is more or less complete, the flow has lost much of its initial energy. It is therefore doubtful whether a similar lattice of counterrotating cyclonic and anticyclonic vortices would appear in a geometry with more than four topographic subdomains.
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